The electronic and structural properties of a series of triniobium oxide clusters, Nb 3 O n -and Nb 3 O n (n ) 3-8), are investigated using photoelectron spectroscopy (PES) and density functional theory (DFT) calculations. PES spectra are obtained for 
Introduction
There is increasing interest in niobium-containing compounds and materials, which are important and widely used in catalysis. [1] [2] [3] [4] [5] [6] Niobium oxides are particularly important because of their structural diversity and applications as a catalyst support. 2 There is evidence that niobium oxides are good catalytic promoters. 3 Understanding the catalytic effects of niobium oxides at the molecular level can help design better catalysts. Gas-phase cluster studies can provide valuable structural models and mechanistic information for real world catalysis. 7 Following our previous work on the metal-rich triniobium oxide clusters Nb 3 O n -(n ) 0-2), 8 we study in the current work systematically the O-rich triniobium oxide clusters, Nb 3 O n -and Nb 3 O n (n ) 3-8), reaching the highest oxidation state of Nb in Nb 3 O 8 -. We combine photoelectron spectroscopy (PES) and densityfunctional theory (DFT) calculations to understand their chemical bonding and electronic and structural evolution as a function of composition.
Small niobium clusters and niobium oxide clusters have been studied in a number of previous experimental 9- 24 and theoretical works. 13 19 Using single photon ionization at 26. 23 However, precise knowledge of the structures and chemical bonding of the niobium oxide clusters is a prerequisite to understanding their chemical reactivity. The current work continues our interest in developing cluster models 8, 36, 37 for early transition-metal oxide catalysts and in elucidating the structures and chemical bonding in both stoichiometric and nonstochiometric niobium oxide clusters. 38, 39 We have previously studied a metal-rich Ta 3 O 3 -cluster and found that it possesses a highly symmetric D 3h structure with significant metal-metal bonding and δ aromaticity. 38 We further investigated the structures and chemical bonding systematically of the whole series of trinuclear tantalum oxide clusters, Ta 3 
36 However, our preliminary study of the Nb 3 O n -(n ) 0-2) clusters 8 found that Nb 3 O 2 -is unusual, in which the second O atom is shown to prefer a terminal site, quite different from that in the Ta 3 O 2 -cluster. Because we expected that the Nb and Ta oxide systems should be similar, a question arises: are there other cases where Nb and Ta clusters with the same metal-oxygen compositions have different structures?
The current study focuses on the larger trinuclear niobium oxide clusters, Nb 3 O n -(n ) 3-8). Well-resolved PES data have been measured at different photon energies. DFT calculations are performed to optimize the structures of both the anion and neutral clusters. PES spectra are simulated and compared with the experimental data to verify the obtained global minimum structures and low-lying isomers. -clusters, which are borne out in the experimental data.
Experimental and Computational Methods
2.1. Photoelectron Spectroscopy. The experiment was carried out using a magnetic-bottle PES apparatus equipped with a laser vaporization cluster source, details of which have been described elsewhere. 40 In brief, the Nb 3 O n -clusters were produced by laser vaporization of a niobium disk target in the presence of a pure He carrier gas (for n ) 3 and 4) or a He carrier gas seeded with 0.01% O 2 (for n ) 5-8). The trace amount of oxygen in the He carrier gas or residual oxygen on the target surface was sufficient to produce abundant Nb 3 O 3 -and Nb 3 O 4
-clusters for the current study. The cluster anions were analyzed using a time-of-flight mass spectrometer, and the Nb 3 O n -clusters of interest were each mass-selected and decelerated before being photodetached. Four detachment photon energies were used in the present work: 532 (2.331 eV), 355 (3.496 eV), 266 (4.661 eV), and 193 nm (6.424 eV). Effort was made to choose colder clusters (i.e., those with long resident times in the nozzle) for photodetachment, which was shown previously to be important for obtaining high quality PES data. 41 Photoelectrons were collected at nearly 100% efficiency by the magnetic-bottle and analyzed in a 3.5 m long electron flight tube. The PES spectra were calibrated using the known spectra of Au -and Rh -, and the energy resolution of the apparatus was ∆E/E ≈ 2.5%, that is, ∼25 meV for 1 eV electrons.
2.2. Density Functional Calculations. Theoretical calculations were performed at the DFT level using the B3LYP hybrid functional.
42-44 A number of structural candidates including different spin states and initial structures were evaluated, and the search for the global minima was performed using analytical gradients with the Stuttgart relativistic small core potential and the valence basis sets 45, 46 augmented with two f-type and one g-type polarization functions [ (f) ) 0.261, 0.970; (g) ) 0.536] for Nb, as recommended by Martin and Sundermann 47 and the aug-cc-pVTZ basis set for oxygen.
48,49 Scalar relativistic effects, that is, the mass velocity and Darwin effects, were taken into account via the quasi-relativistic pseudopotentials. Vibrational frequency calculations were performed at the same level of theory to verify the nature of the stationary points. A selected set of anionic optimized structures (within ∼0.40 eV) were tested with several exchange-correlation functionals for accuracy and consistency. The calculated results using the B3LYP and BP86 42,50 functionals are presented as Supporting Information (Table S7) .
Vertical electron detachment energies (VDEs) were calculated using the generalized Koopmans' theorem by adding a correction term to the eigenvalues of the anion. 51 The correction term was estimated by δE ) E 1 -E 2 -ε HOMO , where E 1 and E 2 are the total energies of the anion and neutral, respectively, in their ground states at the anion equilibrium geometry, and ε HOMO corresponds to the eigenvalue of the highest occupied molecular orbital (HOMO) of the anion. PES spectra were simulated by fitting the distribution of calculated VDEs with unit-area Gaussian functions of 0.1 eV width. The methods have been used in a number of previous studies and have been shown to yield VDEs in good agreement with PES data. 8, [36] [37] [38] [39] All calculations were performed with the Gaussian 03 software package.
52 Three-dimensional contours of the molecular orbitals were visualized using the VMD software. 
Experimental Results
The photoelectron spectra of Nb 3 O n -(n ) 3-8) at various photon energies are shown in Figures 1-6 , respectively. The observed electronic transitions are labeled with letters, and the measured adiabatic detachment energies (ADEs) and VDEs are given in Table 1 (Figure 1a ) reveals the ground state X (VDE: 1.62 ( 0.02 eV) and the first excited state A (VDE: 1.84 eV). Because no vibrational structures are resolved for band X, the ground-state ADE is evaluated by drawing a straight line along the leading edge of band X and then adding the instrumental resolution to the intersection with the binding energy axis. Although this is an approximate procedure, we are able to obtain a consistent ADE from the well-defined spectral onsets of band X at different photon energies. The ADE thus evaluated for Nb 3 (Figure 4b ) is congested without any prominent features. A very weak feature X′ (VDE: 2.84 eV) is observed at low binding energies, which is likely due to a minor isomer. The X band represents the ground-state transition for the main isomer, yielding an electron affinity of 3.15 ( 0.05 eV for Nb 3 O 6 . The ADE for the minor isomer is estimated from band X′ to be ∼2.7 eV.
Nb 3 O 7
-. The spectra of Nb 3 O 7 -at two photon energies are displayed in Figure 5 , which are characterized by two prominent bands. The ground state X of Nb 3 O 7 -(ADE: 3.30 eV; VDE: 3.66 eV) is broad, followed by a large energy gap and an intense band A (Figure 5b ). Band A occurs at such a high binding energy that its full width may not be accessed at 193 nm. The estimated ADE for band A is ∼5.9 eV, defining an X-A energy gap of ∼2.6 eV. Very weak signals X′ (ADE: ∼2.5 eV; VDE: ∼2.7 eV) are observed at the low binding energy side, likely due to a minor isomer.
3.6. Nb 3 O 8 -. Because of its high electron binding energies, the PES spectrum of Nb 3 O 8 -is only measured at 193 nm, as shown in Figure 6 . Only one broad band (labeled X) is revealed, which is centered at 5.97 eV. The electron affinity of Nb 3 O 8 is evaluated to be 5.65 ( 0.05 eV from the reasonably well-defined band onset.
Theoretical Results
The optimized ground-state geometries and selected low-lying isomers of Nb 3 O n -and Nb 3 O n (n ) 3-8) are presented in Figures 7 and 8 , respectively, and their calculated VDEs are compared with the experimental values in Tables S1-S6 in the Supporting Information. The calculated relative energies at the B3LYP and BP86 levels for the lowest energy and selected lowlying isomers of Nb 3 O n -(n ) 3-8) are shown in Table S7 in the Supporting Information. Only B3LYP results will be discussed in the text, unless stated otherwise. The simulated PES spectra from the lowest-energy anion structures and the selected low-lying isomers are shown in Figure 9 . Alternative optimized structures are shown in the Supporting Information (Figures S1-S12) , and all coordinates are given in the Supporting Information (Table S9 ). The calculated first VDEs from the low-lying anion cluster structures and their simulated PES spectra are compared with the experiment in the Supporting Information (Table S8 and Figures S13-S17 Figure 7a ), consisting of a triangular Nb 3 with one long Nb-Nb bond (2.956 Å) and two short Nb-Nb bonds (2.471 Å). The three O atoms are on bridging positions around the Nb 3 unit but are not in the same plane with one O atom above and two O atoms below the Nb 3 plane. A similar structure (C s , 3 A′) with two long Nb-Nb bonds (2.794 Å) and one short Nb-Nb bond (2.217 Å) is found to be only 0.04 eV higher in energy (Figure 7b ). These two structures (Figures 7a,b) , considered to be important in interpreting the experimental data, were reoptimized using the BP86 functional (Table S7) . We found that the results at the BP86 level are very similar to those at B3LYP. Among other structures optimized for Nb 3 O 3 -, the C 1 ( 3 A) and C 1 ( 1 A) structures with two bridging and one terminal oxygen are predicted to lie higher in energy than the ground state by 0.26 and 0.28 eV, respectively ( Figures S1) . Surprisingly, the ground state of the Nb 3 O 3 -cluster is substantially different from that of the valent isoelectronic Ta 3 O 3 -cluster, which was previously found to be D 3h ( 1 A 1 ′) with δ-aromaticity.
36,38
For the neutral Nb 3 O 3 cluster, we found a doublet state (C s , 2 A′′, Figure 8a ) to be the global minimum. Two similar structures with a doublet (C s , 2 A′) and a quartet (C 2V , 4 A 2 ) spin multiplicity are found to be 0.16 and 0.27 eV above the ground state, respectively, as shown in Figure S2 . Figure S3 ). For the neutral, the second lowest doublet state (C s , 2 A′) with all four O atoms in the bridging positions is also fairly close to the ground state (C 1 , 2 A) with a relative energy of 0.14 eV, as given in Figure  S4 . (Figure S5 ), respectively. Overall, seven low-lying anion structures are located within 0.4 eV. These low-lying isomers are reoptimized at the BP86 level (Table S7) . Interestingly, the triplet structure with C 2 symmetry at the B3LYP level (Figure 7e anion is found to be a crown-shaped C 3V ( 3 A 1 ) (Figure 7f ) at the B3LYP level with the bridging O atoms above and the three terminal O atoms below the Nb 3 plane. Its singlet state ( 1 A′) exhibits C s symmetry, which is only 0.04 eV higher in energy (Figure 7g) . At the BP86 level, the crown-shaped C 3V ( 3 A 1 ) structure is predicted to be slightly higher in energy than the singlet state (C s , 1 A′) by 0.10 eV (Table S7 ). The neutral Nb 3 O 6 ground state is found to be C s ( 2 A′) ( Figure  8d) , differing from the anion mainly in the terminal oxygen directions with two terminal oxygen atoms pointed to one side and the third one pointed to the opposite side. Another C s ( 2 A′) structure, similar to the anion ground state, is only 0.07 eV higher in energy ( Figure S8 ). We also located two additional low-lying neutral isomers, both of which possess an O doublebridge and are only 0.09 and 0.28 eV higher in energy, respectively ( Figure S8) Figures S9  and S10 ). For the anion, the lowest-energy isomer is predicted to be an open-shell structure (C 2V , 3 A 2 ) (Figure 7h) . A closed- shell, lower symmetry structure (C 1 , 1 A) (Figure 7i ) is only 0.02 eV above the lowest energy structure, and the corresponding triplet state (C 1 , 3 A) is 0.16 eV higher in energy ( Figure S9) . A (C s , 1 A′) structure with a capping O atom is found to be 0.14 eV higher than the ground state ( Figure S9) . At the BP86 level, the closed-shell (C 1 , 1 A) structure becomes the ground state (Table S7 ). The ground state of Nb 3 O 7 favors a doublet with C s ( 2 A′) symmetry, as shown in Figure 8e . All other optimized isomers of the neutral cluster are significantly higher (>0.4 eV) in energy, as shown in Figure S10 Table 1 , whereas their simulated PES spectra are shown in Figure 9 . As seen in -, the simulated PES patterns on the basis of the two nearly degenerate triplet C s ( 3 A′) isomers (Figure 7a ,b) appear to be rather similar, both being extremely congested and consisting of some 10 electronic states within the 1.4-3.8 eV regime (Table S1 , Supporting Information). Experimentally, we were able to resolve nine electronic transitions within the same binding energy range (Figure 1 ). Close comparisons of the VDE patterns (Table S1 ) allow us to conclude that the lowest energy C s ( 3 A′) isomer (Figure 7a ), which can qualitatively generate all observed electronic transitions except for E or F, is probably the major carrier for the observed spectra, although we cannot rule out minor contributions from the low-lying isomer shown in Figure 7b . The predicted first VDE (1.48 eV) for the global minimum structure is slightly lower than the experiment (1.62 eV), consistent with the general trend of the B3LYP performance (Figure 10) .
The B3LYP calculations favor a quintet state C s ( Figure 9c ). However, the broad and continuous For Nb 3 O 6 -, the second lowest isomer C s ( 1 A′) (Figure 7g ), which is only 0.04 eV above the triplet C 3V ( 3 A 1 ) structure (Figure 7f) at the B3LYP level, is in excellent agreement with the experiment, reproducing well the prominent PES bands (X and A; Figure 9d ) and suggesting that the C s ( 1 A′) structure should be the global minimum for Nb 3 O 6 -. The simulated spectrum for the C 3V ( 3 A 1 ) structure displays a low binding energy feature and should be attributed to the weak X′ feature observed experimentally, implying that the C 3V structure is a low-lying isomer.
For Nb 3 O 7 -, the B3LYP calculations slightly favor a triplet state C 2V ( 3 A 2 ) (Figure 7h ). Its simulated spectrum displays a low binding energy feature (Figure 9e ), which should be assigned to the weak X′ feature (Figure 5a ) observed experimentally. As shown in Table 1 , Figure 9e , and Table S5 , the calculated VDEs and the simulated PES spectrum for the singlet state (C 1 , 1 A) (Figure 7i ) are in good agreement with the experimental data, and it should be the dominant species observed. Therefore, the ground state of Nb 3 O 7 -should be the singlet structure (Figure 7i ) with the triplet state (Figure 7h) as a low-lying isomer.
Additional simulations for low-lying Nb 3 O n -(n ) 3-8) isomers (within ∼0.4 eV) are shown in the Supporting Information ( Figures S13-S17 The overall VDE trend can be qualitatively understood from the MO analysis shown in Figure 11 , and it is related to the nature of the HOMO. The HOMOs from n ) 3-5 are either antibonding or nonbonding, leading to their relatively low VDEs. The HOMOs of n ) 6 and 7 involve either a partially Nb-Nb bonding orbital (n ) 6) or a localized orbital (n ) 7), consistent with their significantly increased VDEs. Detachment features for the Nb s/d-based MOs always occur at lower binding energies, whereas those from O 2p are at much higher binding energies, usually beyond 5 eV. Therefore, the extremely high VDE of Nb 3 O 8 -, which formally possesses all Nb(5+) centers, is due to electron detachment from O 2p-type MOs, as shown in Figure 12 . This series of multinuclear clusters may be viewed as molecular models for mechanistic understandings of the oxidation of Nb surfaces. - (Table 1) . Therefore, there appears to be a clear tendency for the Nb oxide clusters to adopt high spin structures rather than closed-shell states. These differences in the structure and bonding between the Nb and Ta clusters are due to weaker metal-metal bonding in the 4d Nb systems relative to that in the 5d Ta systems, which should have interesting implications in the chemical and catalytic properties in Nb and Ta oxides materials.
Conclusions
PES has been combined with DFT calculations to study the electronic and structural evolution as a function of composition for the triniobium oxide clusters, Nb 3 O n -(n ) 3-8). PES spectra are obtained for the anion clusters at various photon energies, allowing the detachment from both the Nb 6s/5d-based electronic states and the O 2p states. Extensive DFT calculations are performed at the B3LYP level in search of the lowest energy structures for both the anions and neutrals. Simulated PES spectra for the global minimum and low-lying isomers are compared with the experimental PES data. For Nb 3 -series, the highspin states and low-symmetry structures of the Nb 3 O n -clusters can be attributed to the weaker d-d bonding by Nb, which may give rise to higher reactivities and catalytic activities to the niobium oxide systems.
